Abstract-Airships present many interesting opportunities for transport, surveillance and inspection but have seen little to no use in commercial or military unmanned applications. Generally underpowered, underactuated, and large in size, airships express difficulties in adverse atmospheric conditions or situations requiring rapid or precise maneuvers. In this paper, a miniature unmanned airship with a moving platform is presented to address the the limited altitude maneuverability of these vehicles. Simulated and experimental open-loop trajectories demonstrate that this architecture allows for large changes in vehicle pitch and, when combined with forward facing thrusters, rapid changes in altitude. Operational advantages such as increased hull rigidity and concentrated hardware inherent to the vehicle design are also discussed.
I. INTRODUCTION
Airships are well suited for use as reconnaissance vehicles because they can loiter, take off and land over short distances, and can sustain long endurance flights over long distances [1] . Conventional airships are driven by a set of actuators along the length of the hull with either elevators and rudders or thrusters for attitude and altitude control. Larger airships use air ballasts (also referred to as ballonets) for altitude and pitch control. For smaller vehicles, the typical actuator configuration is two thrusters oriented along the longitudinal axis for forward motion and a single thruster oriented along the vertical axis of the airship for altitude control [2] . Other configurations include thrusters in the longitudinal axis that can be rotated along the lateral axis [3] . With new light weight materials and manufacturing methods, many unconventional airship designs have been either proposed or tested. These vehicles have notable features that include the use of aerodynamic helium envelopes, multiple envelopes, segmented buoyancy cells, or utilize hybrid winged configurations to achieve lift [4] [5] [6] . A freight carrying vehicle based on the combination between quad-rotor and airship has been studied by Bestaoui to provide payload lift compensation [7] . A similar vehicle designed for transport is the discshaped airship with thrust vector control achieved with two engines on the lateral plane and one in front of the hull [8] . Theoretical designs have also been proposed such as an airship propelled by buoyancy forces alone [9] . It was shown that this type of vehicle could cruise long distances while consuming little energy by cycling the air between the bow and stern ballonets and exploiting the aerodynamics of the helium envelope to move forward.
Airships are typically underpowered and underactuated, and thus the controllability of the vehicle for autonomous flight in variable wind environments is critical for the safe and efficient operation [10] . More recently unmanned airships such as the fin-less airship Quanser MkII have used overactuation to address the controllability however the vehicle has been shown to be inherently unstable. As a consequence, the controller requires the use of optimization algorithms to determine the optimal combination of actuation inputs [11] .
The autonomous airship architecture presented in this article provides an alternative to over-actuation and ballonets for the rapid altitude changes required when landing or avoiding obstacles. The proposed design is inspired by the concept of ballast control and center of gravity control (CG) in hydrodynamic or aerodynamic forced vehicles such as gliders [12] , and is presented here to specifically examined the theoretical and experimental differences between altitude and pitch variations generated using aerodynamic control surfaces (elevator) versus configuration changes achieved by repositioning the gondola along the longitudinal axis of the helium envelope.
This remainder of this paper is organized as follows. In Section 2 we present the theoretical model of an airship with a moving platform using the method proposed by Gomes [13] . In Section 3 the design consideration of the proposed vehicle are outlined. In Section 4 we compare the simulated and experimental open-loop trajectories at various elevator and gondola positions, and in Section 5 final remarks are given.
II. AIRSHIP MODELING In the following section, the dynamics of the airship are presented followed by the kinematic transformation between reference frames. 
A. Dynamics
The dynamics of non-rigid airships are complex and nonlinear. In 2011, Li et al. [14] published a comprehensive review of airship dynamics spanning many decades. Since then, a significant amount of literature presents improvements to Newton-Euler equations [15, 16] or examines alternative approaches such as energy-based models [17, 18] . For simplicity, the non-linear dynamic model of the proposed airship was developed using Newton-Euler equations as derived by Gomes [13] . With reference to the coordinate system shown in Figure 1 . the equation of motion is defined as,
where M is the mass matrix, D is the dynamics vector, A is the vector of aerodynamic components, G are the gravitational and buoyancy terms, U is the input force vector, λ is the directional cosine matrix, and T of the vehicle defined in the moving frame of reference located at the CV of the helium envelope.
After applying simplifications due to vehicle symmetry, the mass matrix is approximated by (2) 
where the mass of the airship is equal to the sum of the mass of the gondola, the rail, and the envelope m = m G + m R + m E . The inertias of the fixed components as indicated by the subscript f represent those of the envelope and rail and were determined from the computer-aided drafting (CAD) model of the airship. The gondola is approximated as a point mass its inertia is estimated using,
The inertias of the gondola were not used in the computation of the virtual moment of inertia J since the inertial contribution of the gondola increases from 5% to over 25% when the gondola position increases from s = 0 m to s max = 0.85 m (simulated maximum) and thus would overestimate the added mass effects of the displaced air. Table I lists the geometric and physical properties of the simulated airship. The virtual mass terms k 1 , k 2 , and k were approximated using the works of Lamb [19] and Munk [20] . The vehicle dynamics vector D(v) as described in [13] is given by,
The forces and moments in equation (13) are derived based on Newton's laws for rigid body motion about the CV in the body frame. These equations consist of both centrifugal (ω × M a v o ) and Coriolis (ω × J a ω) components which are a function of the linear and angular velocities of the vehicle, and two additional terms resulting from the offset between the center of rotation and the center of mass.
The aerodynamics vector A acts to dampen linear and rotational rates of change in the vehicle. Many aerodynamic models in the literature are linear combinations of terms containing the angle of attack, the angle of sideslip, and the control surface deflections, all of which are multiplied by the square of the trimmed vehicle velocity. These models can be adequate for medium to high speed flight but have no effect at hover since aerodynamic dampening is reduced asymptotically with relative vehicle speed [21] . Gomes [13] and Ashraf et al. [16] present rotational pitch and yaw damping terms but neglect the envelope effects which are on the same order of magnitude as the fins [21] .
The components of the aerodynamic vector
T for the proposed airship are given by (14) to (19) , where the steady state dynamic pressure is defined as q = 1/2ρ a V 2 , the angles of attack and side slip relative to the air are defined as α = arctan(ż/ẋ) and β = arcsin(ẏ/V ) with respect to the magnitude of the vehicle velocity V = ẋ 2 +ẏ 2 +ż 2 , and the elevator and rudder fin angles are defined as δ E and δ R . These equations are based on the works of Mueller et al. [15] and Jones et al. [22] with additional rotational dampening terms (17) to (19) , proportional to the square of the angular rates, included to account for the hull effects based on the work of Recoskie [21] . The magnitude of these terms is driven from the dynamic pressure which is negligible at trim flight speeds but becomes the primary aerodynamic dampening moments near hover.
The drag coefficients of the aerodynamic vector are given by (20) through (35) and the aerodynamic constants are described in Table II with references to where they can be determined for any airship using a combination of semiempirical models and geometric properties. Hull zero-incidence drag coefficient [23] 0.024
Fin zero-incidence drag coefficient [23] 0.003 C Dgo Gondola zero-incidence drag coefficient [15] 0.01
Gondola cross-flow drag coefficient [15] .25
Derivative of fin lift coefficient with respect to angle of attack [24] 5.73 The gravitational and buoyancy vector G is given by,
where U is the volume of the helium envelope. The term g = λ T [0 0 g] T is the gravitational vector expressed in the body frame using the directional cosine matrix λ, also known as the roll-pitch-yaw Euler sequence,
Lastly, the input force vector U is given by,
where T R and T L are the right and left propeller thrust, and d g,z and d g,y are the normal distances from the right and left propeller centers to the x − z plane as shown in Figure 1 .
B. Kinematics
The dynamic equation of motion (1) dictates how the vehicle accelerates based on the applied forces. Vehicle kinematics are applied in tandem to determine the vehicle's
velocity and position, and how they translate to the earth reference frame. The coordinates and trajectories in the earth reference frame can be determined from the equivalent states in the body reference frame premultipled by the matrix,
where v w is the wind (steady + gusts) in a 6 × 1 vector and R is the rotation matrix described by:
C. Numerical simulations
To illustrate the effects of modifying the gondola position, only the longitudinal motion of the airship is presented. The simulated trajectories were generated in an undisturbed environment with no wind, no temporal changes in pressure or temperature, and no other external disturbances. In addition, the thrusters were fixed to T R = T L = T and the rudder angle was fixed to δ RU D = 0 throughout the simulations. Only the air density as a function of the altitude was assumed to affect the buoyancy of the vehicle.
The open-loop dynamics were simulated to compare the flight characteristics of the airship when subjected to either full elevator input or gondola position changes with constant trust from both propellers from either a stationary initial position or with a constant initial horizontal velocity. For each simulation, the initial angular velocities were set to ω = 0 and the initial position of the CG was set to [ẋ ss , 0, 0] and θ =θ = 0 at t = 0 s. For each case, the initial elevator angle was set to δ E = 0 o and the initial gondola position s ss was adjusted for level flight. As an example, in the case of T = 0.5 N, the initial gondola position was s ss = 0.227 m. The simulated steady-state forward velocities and gondola positions for the four thruster levels are listed in Table III The simulated trajectories demonstrate that altitude changes can be initiated much more rapidly by changing the gondola position as opposed to the elevator at all thruster levels when starting from rest, and for all low thruster levels when traveling at a steady state initial velocity. The descent rate of the vehicle resulting from changes in the elevator angle only surpasses that resulting from changes in gondola position when the forward velocity of the vehicle is abovė x = 3.75 m/s as is the case in Figure 3 for trajectories generated with T > 0.05 N. Moreover the descent trajectories at all truster levels are approximately linear when the gondola is at the foremost position when starting from a stationary position.
III. EXPERIMENTAL AIRSHIP

A. Vehicle design
A proof-of-concept airship was developed to validate the trajectories generated by the simulation and confirm the feasibility of the proposed model. The 3D printed gondola, shown in Figure 4 , travels along a 4 mm×4 mm×1000 mm square carbon fiber keel embedded in a helium envelope. Airship maximum diameter 0.6 m through a wireless serial interface using a long-range Bluetooth module.
B. Open-loop trajectories
The experimental open-loop trajectories were all generated with the vehicle in the stationary position v = 0 at t = 0 s. The altitude was normalize to z g = 0 m for all measurements, and small fixed-ballast adjustments were made to account for changes in atmospheric pressure between tests.
The results shown in Figures a maximum average velocity of 1.5 m/s. This behavior is similar to the simulation results shown in Figure 2 , where the model only begins to descend once a horizontal velocity of 2.3 m/s is reached. A longer test area would have been required to reach the steady-state velocity of the vehicle and evaluate the effectiveness of the elevators.
IV. DISCUSSION
The moment and product of inertia estimates are known to have considerable error and may have contributed to the discrepancy between the simulated trajectories and the actual paths [25] . Nonetheless, the model predicts that the principal moment of inertia about the θ axis increase by 2% at s = 0. The linear behavior is only valid near the neutrally buoyant reference altitude after which the difference between the gravity and buoyancy vectors dominates the dynamics of the vehicle and the motion become oscillatory as illustrated by the simulated trajectory in Figure 9 . The simulated trajectory with T = 0.1 N was approximately linear for the first 100 m of horizontal motion then oscillates until a steady state altitude of approximately 150 m below sea level is reached. The large drop in altitude exhibited by the model is due to the assumption of constant trust. In reality, the propeller thrust is proportional to the relative vehicle speed and dependent on the battery capacity. A thruster model should be implemented to better correlate the simulated and experimental velocities.
The mass and moments of inertia of the fins were neglected in the simulated airship but were found to significantly alter the CG of the airship and reduce the pitch angle at s max . In addition, the simulated vehicle shape was also simplified and did not reflect the progressive reduction in the cross section of the helium envelope at the bow of the vehicle. Future iterations of the design and dynamic model will include these feature to better predict the motion of the vehicle. Wind tunnel testing should also be performed to accurately model the drag of the vehicle. Other considerations not evident from the results is the rigidity imparted by the keel-envelope combination. Maintaining the envelope shape is an important design consideration for non-rigid and semi-rigid airships since the envelop is in opposition to bending and shear forces resulting from the pressure of the lifting gas and all dynamic and aerodynamic loads under all operating conditions [5] . Bennaceur et al. presented a Euler-Lagrange airship model that allows for aeroelastic deformations of the hull and concluded that the impact of flexibility in the dynamics should not be neglected [26] . The high rigidity of the carbon fiber keel decreased the overall flexibility of the vehicle and, if the envelope was partially deflated, maintained the cylindrical form of the envelope and the gondola orientation with respect to the vehicle.
Lastly, when the gondola was in the foremost position, the vehicle was more easily manipulated. This configuration could potentially facilitate autonomous landings or payload deliveries in larger vehicles by ensuring that the gondola reaches the ground before the envelope.
V. CONCLUSION AND FUTURE WORK
This paper has demonstrated that repositioning the gondola and primary ballast of unmanned airships along the longitudinal axis significantly alters the pitch of the vehicle thereby minimizing the aerodynamic drag in a wide range of inclinations and allowing for rapid changes in altitude.
Both simulation and experimental open-loop flight trajectories have shown near linear motions at large pitch angles around the neutrally buoyant reference altitude. The ability to rapidly change altitude addresses one of the major limitations of unmanned airships: accurate and rapid landing. These results are significant since also they demonstrate that the velocity and rate of descent are, to a certain extent, independent. This offers greater flexibility in the face of adverse conditions or precise landing requirements.
The proposed architecture also features numerous operational advantages such as increased hull rigidity in the face of envelop decompression and concentrated hardware. These considerations have significant implications in design of commercially viable unmanned airships. Future design iterations will include a more robust method for determining the gondola position and including thrust vectoring in the lateral axis of the actuator. These developments would also require a more robust geometric model and mass estimation, as well as a propeller model for accurately estimating the thrust.
